The G-box element is a moderately conserved component of the promoter of many inducible genes, including the alcohol dehydrogenase genes of Arabidopsis and maize. We used monoclonal antibodies generated against partially purified G-box binding factor (GBF) activity to characterize maize proteins that are part of the DNA binding complex. Antibodies interacted with partially purified maize GBF complexes to produce a slower migrating complex in the gel retardation assay. lmmunoprecipitation experiments suggested that the protein recognized by the antibody is nota DNA binding protein in and of itself, but rather is associated with the DNA binding complex. These monoclonal antibodies were used to isolate cDNA clones encoding a protein that we have designated GF14. Maize GF14 contains a region resembling a leucine zipper and acidic carboxy and amino termini, of which the latter can form an amphipathic a-helix similar to known transcriptional activators such as VP16 and GALA. Protein gel blot analysis of cell culture extract showed that a single, major protein of approximately 30 kD is recognized by anti-GFl4; the protein is also present predominantly in the kernel and root. The deduced amino acid sequence of maize GF14 is more than 80% identical to Arabidopsis GF14 and Oenothera PHP-O, and is more than 60% identical to a class of mammalian brain proteins described as both protein kinase C inhibitors and activators of tyrosine and tryptophan hydroxylases. GF14 is found in a variety of monocotyledons and dicotyledons, gymnosperms, and yeast. This suggests a deep evolutionary conservation of a potential regulatory protein associated with a core sequence found in the promoter region of many genes.
INTRODUCTION
Plants respond to various environmental stimuli by a rapid change in the pattern of gene expression (Cherry, 1989) . The mechanisms and biochemical pathways by which cells receive these signals and bring about the appropriate transcriptional changes are largely unknown. However, it is clear that the initiation of mRNA synthesis ultimately depends on protein factors that bind to regulatory elements in the promoter of the stimuliresponsive genes (for a review, see Mitchell and Tjian, 1989) . Severa1 of these DNA sequence-specific transcription factors have been identified, purified, and subsequently cloned; these are largely of mammalian origin (Johnson and McKnight, 1989) . Recently, notable progress has been made toward understanding the molecular basis of transcriptional stimulation in plant systems. For severa1 genes, nuclear proteins have been identified that bind to regulatory DNA sequences in the promoter regions of stimuli-responsive genes (Giuliano et al., 1988; Staiger et al., 1989; McKendree et al., 1990; Schindler and Cashmore, 1990) . Further characterization of these factors has been accomplished by using the DNA binding properties of the protein as a means to screen expression libraries (Mitchell and Tjian, 1989) .
Permanent address: Lanzhou University, Lanzhou City, Peoples Republic of China.
To whom correspondence should be addressed.
We are studying the transcriptional regulation of the alcohol dehydrogenase (adh) genes in higher plants. Their transcription is markedly induced by oxygen deprivation in a tissue-type-specific and development-specific manner (BaileySerres et al., 1988) . The Arabidopsis adh and the maize adhl genes have been well studied both genetically and biochemically. In both genes, transient expression studies have identified a complex array of positive regulatory elements in the upstream sequences, and, in maize adhl, enhancer-like elements able to confer anaerobic inducibility in either orientation have been found (Walker et al., 1987; Olive et al., 1990; McKendree and Ferl, 1992) . In vivo detection of protein-DNA interactions by dimethyl sulfate footprinting revealed analogy among many of the binding sites of both the Arabidopsis adh and maize adhl5'flanking regions (Ferl and Nick, 1987; Ferl and Laughner, 1989) . One such motif, 5'-GTGG-3', is present in three binding sites of the maize adhl promoter and in four sites of the Arabidopsis adh promoter. One of the Arabidopsis adh sites is enlarged into an inverted dyad repeat (9-CCACGTGG-37 known as the G-box. The G-box is a moderately conserved DNA element present in the promoters of a diverse array of genes, including the UV light-regulated chalcone synthase (chs) (Schulze-Lefert et al., 1989; Staiger et al., 1989) and the light-regulated ribulose-1,5-bisphosphate-carboxylase/oxygenase small subunit (rbcS) gene family (Giuliano et al., 1988) . Near-palindromic G-box sequences are also found to be associated with the anaerobic response element of the maize adhl gene (Walker et al., 1987) and are important in the abscisic acid-regulated, earlymethionine-labeled polypeptide (em) gene (Marcotte et al., 1989 ) and the light-regulated chlorophyll alb binding (cabE) gene (Schindler and Cashmore, 1990) . These data suggest that the G-box is a cis-acting element with a generalized function.
Nuclear proteins interacting with the G-box motif have been described previously (Giuliano et al., 1988; McKendree et al., 1990) . In vitro binding experiments with the G-box motif from the Arabidopsis rbcS gene led to the identification of a nucleus-localized binding protein from tomato and Arabidopsis, which has been designated G-box binding factor (GBF) (Giuliano et al., 1988) . Similar experiments by Staiger et al. (1989) using the homologous element from the chs gene of snapdragon demonstrated the presence of a nuclear protein, designated CG1, with a binding specificity similar to GBF. However, whether GBF and CG1 are identical or related proteins is currently unknown.
Recently, several laboratories have isolated cDNA clones encoding a DNA binding protein specific for a particular G-box element or G-box-like element by screening cDNA expression libraries with the promoter element (Tabataet al., 1989; Guiltinan et al., 1990; Oedaet al., 1991; Weisshaaret al., 1991; Schindler et al., 1992a) . The deduced amino acid sequences of these Comparison of the Arabidopsis adh -210, Arabidopsis rbcWA, and maize adh -180 G-box motifs and their methylation patterns (Ferl and Nick, 1987; Ferl and Laughner, 1989; Schindler and Cashmore, 1990 Striking conservation in the basic domain, involved in DNA recognition, has been observed among the GBFs, suggesting that they have similar binding site specificity. Thus far, two of the cloned GBFs, TAF-1 and GBF1, have been directly implicated in regulating transcription, based on transient expresSion studies (Oeda et al., 1991; Schindler et al., 1992b) . We have taken a different approach to cloning the components of the G-box binding complex, that of generating monoclonal antibodies to the DNA binding complex. We have recently described a monoclonal antibody to GF14, a protein that is part of the G-box binding complex in Arabidopsis (Lu et ai., 1992) . In the present study, we demonstrate that anti-GF14 monoclonal antibodies cross-react with maize GBF complexes. We describe a near full-length cDNA clone and the structural features of maize GF14, and discuss its participation in the G-box binding complex as well as its homology to a class of protein kinase-dependent regulatory proteins found in mammalian brains.
RESULTS

G-Box Binding Activity 1s Present in Maize Cell Suspension end 1s Recognized by Anti-GF14
The 5'flanking sequence of the maize adhl gene contains severa1 near-and half-palindromic G-box elements, as shown in Figure 1 (Ferl and Nick, 1987; Ferl and Laughner, 1989) , previously shown to have an in vivo footprint pattern similar to the Arabidopsis adh G-box (5'-CCACGTGG-3') (McKendree et al., 1990) . These data suggest that GBF also interacts with the maize adhl promoter. To investigate the interaction of proteins with maize G-box elements, we started with a palindromic type I G-box sequence, as described by Williams et al. (1992) . This sequence is presented in Figure 1 . Gel retardation assays (Fried and Crothers, 1981) were used to detect GBF activity in whole cell extracts. lnitial experiments revealed that crude extracts exhibited several distinct shifted complexes of the G-box probe. The complexes were stable to competition by greater than 50 ng (100-fold) excess poly(d1-dC), but were obliterated in the presence of 50 ng of G-box competitor DNA (data not shown).
Fractionation of the maize crude cell extract by anion exchange chromatography on a fast protein liquid chromatography Mono Q column resulted in one peak of GBF activity eluting between 0.55 and 0.65 M KCI. The specificity of this G-box binding activity was determined by competition analysis, as shown in Figure 2A . Two retarded bands of slightly different mobility were detected ( Figure 2A , lane 1). Both forms persisted in the presence of 1.0 pg of poly(d1-dC) (lane 2) or maize adhl -180 (lane 4), yet both were abolished in the presente of 50 ng of G-box competitor DNA (lane 3). These results support the binding specificity of the maize GBF for the G-box and suggest that the maize adhl -180 is unable to compete with the dyad G-box for protein binding. Lane 5 of Figure 2A demonstrates that similar extracts from Arabidopsis form a faster migrating DNA-protein complex than do maize extracts.
To test whether anti-GF14 monoclonal antibodies (Lu et al., 1992) are able to interact with maize GBF complexes, gel retardation assays were performed in the presence of anti-GF14. Incubation of the protein-G-box complex with anti-GF14 monoclonal antibody supernatant shifted the complex to a slower mobility ( Figure 2B , lane 9), whereas nonspecific monoclonal antibody supernatant had no effect (lane 8). It should be noted that fractionated whole-cell extract from both aerobically maintained and hypoxically induced cells were able to "supershift" upon incubation with anti-GF14 (data not shown). Protein blot analysis of aerobically maintained (lane 10) and hypoxically induced (lane 11) cell suspension crude extracts showed the presence of a single protein band of 30 kD upon incubation with anti-GF14 supernatant ( Figure 2C ). This protein, which we have designated GF14, was also detected in Mono Q-fractionated GBF complexes (lane 12).
If there is a functional interaction of GF14 and GBF in a DNA binding complex, GF14 should be detectable in nuclear extracts that are devoid of any contaminating cytoplasmic proteins. Nuclei were prepared from maize cell suspension by a Percoll gradient method (Green et al., 1987) . Proteins from cytosolic and nuclear fractions, as shown in Figure 3A , were blotted and probed sequentially with different antibodies. Incubation with anti-GF14 antibodies showed that the 30-kD GF14 protein was found in both the cytosolic and nuclear fractions ( Figure 3B ). To confirm that the method produced highly purified nuclei, we subsequently used the same blot to probe with anti-high-mobility group (HMG) protein antiserum (detects a nuclear protein) and anti-sucrose synthase antiserum (detects a cytosolic protein). Anti-HMG antibodies recognized a 26-kD protein predominantly in the nuclear fraction ( Figure 3C ). The cytosolic fraction also contained a slight amount of HMGa, Proteins from the nuclear and cytosolic fractions were separated on SDS-15% polyacrylamide gels and visualized by silver staining for total protein and subjected to protein gel blot analyses. (D) Incubation of the same blot with anti-sucrose synthase (anti-SS) antiserum and visualized using alkaline phosphatase-conjugated antirabbit IgG. Both GF14 and HMGa proteins were detected in (C) because the same chemiluminescence detection method was used in (B) and (C). Migration of protein mass markers is indicated to the left in kilodaltons. which might be due to the possibility of nuclear rupture or the leakage of nuclear contents into the cytoplasm during isolation of the nuclei. (The 30-kD GF14 protein was also detected in the anti-HMG blot due to incomplete stripping of the membrane and usage of the same chemiluminescence immunodetection system for both blots.) Incubation of the same blot with antisucrose synthase antibodies recognized the 87-kD sucrose synthase protein only in the cytosolic fraction ( Figure 3D ). Thus, the substantial amount of GF14 observed in the nuclear fraction is not likely to be a cytosolic contaminant. The presence of GF14 in nuclei further substantiates the potential interaction of GF14 with GBF DNA binding complexes in maize.
These results suggest that GF14 is a physical part of the G-box binding complex. This conclusion is supported by the partial cofractionation of G-box binding activity and GF14, gel retardation experiments demonstrating interaction of GF14 and GBF, and the localization of both proteins to the nucleus. The presence of G-box binding activity in both hypoxically induced and aerobically maintained cells apparently precludes an obvious role for GF14 in the hypoxic induction of adh. 
Coimmunoprecipitation of GF14 and GBF
To provide further evidence for the mode of interaction of GF14 with the G-box DNA element, we performed immunoprecipitation and subsequent protein blotting experiments on fractionated maize GBF complexes. Initial experiments using Xgt11-expressed protein revealed that GF14 is unable to directly bind DNA (data not shown). However, we could not exclude the possibility that GF14 would require some modification before being an active DNA binding protein. Therefore, native maize GBF complexes were subjected to immunoprecipitation with anti-GF14 monoclonal antibodies. The immunoprecipitate was resolved on an SDS-polyacrylamide gel and blotted to nitrocellulose filters, as shown in Figure 4 , lanes 2 and 5. As a control for these experiments, we also ran on the same gel nonimmunoprecipitated maize GBF complexes (lanes 1 and 4) and immunoprecipitated the anti-GF14 antibody itself (lanes 3 and 6).
Anti-GF14 antibody analyses in Figure 4 show that a 30-kD GF14 protein was present in the fractionated maize GBF complexes (lane 1) and was immunoprecipitated with anti-GF14 antibodies (lane 2). (Two additional proteins of 25 and 55 kD in Figure 4A , lanes 2 and 3, represent the light and heavy IgG chains recognized by the secondary antibody.) Lanes from the same gel were transferred to nitrocellulose filters and incubated with 32 P-labeled G-box DNA element, as shown in Figure 4B but rather is associated in the GBF complexes with G-box binding proteins of approximately 46 kD.
Isolation of cDNA Clones for Maize GF14
A cDNA expression library derived from the same maize cell suspension culture that showed a single reacting GF14 protein band was screened with anti-GF14 monoclonal antibody supernatant. A total of 400,000 phages were screened, and six cDNA clones were isolated and subcloned into pUC18. The longest clone, which we designated pGF14-12, was chosen for further analysis. Preliminary analysis of the remaining clones indicated that four of the remaining clones represent the same sequence, and the fifth is very closely related.
Sequence analysis given in Figure 5 showed that pGF14-12 contains an insert of 1082 bp with an open reading frame that encodes 248 amino acids with a predicted molecular mass of 28.6 kD. The insert contains a 3' untranslated region of 322 bp with a short poly(A) tract. The deduced protein sequence contains a motif resembling a leucine zipper, containing four leucine-isoleucine heptad repeats. However, this conserved repeat lacks the adjacent basic domain, characteristic of transcription factors of the bZlP family (Vinson et al., 1989) . Figure 6A shows the distribution of hydrophobic moment, charge, and predicted a-helix-forming regions of GF14 (Garnier et ai., 1978; Eisenberg et al., 1984) . Both the N terminus as
AGA Underlined amino acids indicate the putative amphipathic a-helix (Figure 6 ). (A) Hydropathy plot, charge distribution, and a-helix structure prediction of GF14. aa, amino acid. (6) Helical wheel representation of the acidic amphipathic a-helix indicated by the underlined N-terminal amino acids, as shown in Figure  5 . The negatively charged face is shaded.
well as the C terminus have a strong negative charge, separated by a region of relatively neutra1 charge. Highly acidic regions are a feature common to various eukaryotic transcription activators, including VP16 (Cress and Triezenberg, 1991) and GAL4 (Giniger and Ptashne, 1987) . A second characteristic of acidic activation domains is that they can form amphipathic a-helices based on secondary structure predictions. Indeed, the N-terminal region of GF14 can be modeled as an amphipathic helix with distinct negatively charged and hydrophobic faces (Figure 68 ).
In addition, sequence analysis of GF14 predicts a cluster of protein kinase A and protein kinase C recognition sites in the N-terminal portion of the protein (Kennelly and Krebs, 1991) .
A similar motif appears to be important for the dimerization and the transcriptional efficacy of the cAMP-regulated nuclear factor CREB (Gonzalez et al., 1989) . The deduced protein sequence of maize pGF14-12 shares more than 80% homology with Arabidopsis GF14 (Lu et al., 1992) and Oenothera PHP-O (Hirsch et al., 1992) , as shown in Figure 7 . Furthermore, a computer search for related protein sequences revealed definite similarity between GF14 and a class of proteins isolated from mammalia'n brain described as protein kinase-dependent activators of tryptophan and tyrosine hydroxylases (14-3-3 proteins) and inhibitors of protein kinase C (KCIP), as shown in Figure 7 (Ichimura et al., 1988; Aitken et al., 1991) .
Genomic Organization and Expression of GF14
DNA gel blots of restriction enzyme-digested genomic maize DNA isolated from the cell suspension were probed with Sequence alignment of the derivd maize GF14 protein with Arabidopsis (A.t.) GF14 (Lu et al., 1992) , Oenothera PHP-O (Hirsch et al., 1992) , protein kinase C inhibitor protein (KCIP) (Aitken et ai., 1991) , and the 14-3-3 protein (p-chain) (Ichimura et al., 1988) pGF14-12, as shown in Figure 8A . Hybridization at high stringency revealed several strongly hybridizing bands, demonstrating a very limited potential number of genes. In addition, the presence of weakly hybridizing bands suggests that there are related genomic sequences that may encode proteins related to GF14. Figure 8B shows RNA gel blot analysis of total RNA extracted from a maize cell suspension. pGF14-12 hybridized to a single 1.2-kb RNA present in aerobically maintained cells. This is approximately 100 nucleotides longer than the pGF14-12 cDNA and indicates that the mature mRNA most likely contains additional 5' sequences.
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Expression of GF14 in Various Maize Organs
The tissue and developmental expression patterns of GF14 during maize development were analyzed by isolating total protein from various organs, as shown in Figure 9 . Although the cell suspension culture used for the cDNA cloning and GBF activity studies contained a single major GF14 protein band, additional GF14 protein bands were noted in some intact maize organs. Anti-GF14 again detected the same, major protein of 30 kD in all tissues. An additional weaker band corresponding to a 26-kD protein was also detected in the tassels, silks, kernels, cobs, and roots of mature plants. In 7-to 8-day-old seedlings, GF14 is present at a level threefold higher in stems and roots than in leaves ( Figure 9A, lanes 1 to 3) . Figure 9B shows that GF14 in mature leaves decreased 10-fold to an almost undetectable level, suggesting some degree of developmental regulation of GF14 (lane 4). GF14 protein in stems and nodes remained fairly constant during development (compare Figure 9A , lane 2, and Figure 9B, lanes 2 and 3) . Relatively high levels of GF14 protein were found in silk, tassel, kernel, and cob tissue. Interestingly, relative levels of GF14 in root tissue increased approximately fourfold from seedling to maturation. Roots and kernels (lanes 6 and 8), which have a similarly high level of GF14 protein, are organ types known to respond to anaerobic stress (Freeling and Bennett, 1985) .
The presence of GF14 protein in many different organ types raises the question of whether or not GF14 is associated with GBF complexes in all these tissues. Gel retardation assays of protein extracted from cell culture and seedling leaves in the presence of anti-GF14 supernatant are shown in Figure  10 . As was seen in previous experiments (Figure 2 ), cell culture protein extracts form DNA-protein complexes that were recognized by anti-GF14 antibodies; the complexes exhibited cell leaf remains that GF14 has additional functions other than its participation in DNA-protein complexes.
GF14 Is Conserved among a Variety of Plant Species
Previous experiments from this and other laboratories have shown that GBF activity or the related CG1 protein is present in a number of plant species including tomato, Arabidopsis, snapdragon, tobacco, petunia, soybean, and maize (Giuliano et al., 1988; Staiger et al., 1989; McKendree et al., 1990 ; this study). In addition, GBF activity was detected in nuclear extract prepared from yeast (Donald et al., 1990) . This suggests that GBF is conserved over a wide evolutionary range and further suggests that GF14, as a part of this complex, might be detected in other species. This suggestion was also tendered based on the percent similarity noted between mammalian and plant 14-3-3 homologs (Hirsch et al., 1992) . To test this proposal, total protein was prepared from selected plants, electrophoretically separated, and immunoblotted. Incubation with anti-GF14 antibodies identified proteins of 30 kD in each of the tested plant species, as shown in Figure 11A , although the number of proteins detected was different among species (from three in Arabidopsis to one in cotton). Furthermore, a 30-kD protein from fern cross-reacted with anti-GF14, as did protein extracted from the lichen reindeer moss ( Figure  11B ). In yeast, a number of proteins varying in molecular weight were identified upon incubation with anti-GF14. These results Gel retardation assays of partially purified maize GBF from cell culture (lanes 2 and 3) and seedling leaves (lanes 5 and 6). Protein extract was incubated with the G-box probe (5000 cpm) and 1 ng of poly(dldC) in the presence of nonspecific antibody supernatant (lanes 2 and 5) or anti-GF14 supernatant (lanes 3 and 6). Lanes 1 and 4 contain the labeled G-box probe only. S, B, and F denote antibody-protein-DNA complex, protein-DNA complex, and free DMA, respectively. a shift to a slower mobility (Figure 10, lane 2) . The G-box binding activity from seedling leaf extract has a comparable migration rate relative to that observed in cell culture extract (Figure 10, lanes 1 and 3) . However, the leaf-derived DNA-protein complex is not influenced by the anti-GF14 antibodies. Therefore, we concluded that the association of GF14 in the GBF complexes is tissue specific in that leaf GBF complexes apparently contain no GF14. Because GF14 was immunologically detected in seedling leaves (Figure 9A ), the possibility correlate with the degree of amino acid similarity observed between plants and animals and strengthen the suggestion that GF14 is an evolutionarily conserved protein.
DISCUSSION
Maize GF14 1s Part of the G-Box-Protein Complex
In this report, we have shown that maize crude whole-cell extract contains a factor or factors that specifically interacts with the G-box DNA motif. A monoclonal antibody generated against the purified Arabidopsis GBF extract recognizes maize GBF complexes. This recognition is detected as a new complex of higher relative molecular mass in the gel retardation assay (Figure 28 ) and by coimmunoprecipitation experiments (Figure 4) . After SDS-PAGE and protein gel blotting, we observed a single immunoreactive product of 30 kD in the maize cell suspension line. A cDNA expression library prepared from the same cell suspension was screened to isolate a cDNA encoding the GF14 protein.
The monoclonal antibodies used in this study were selected specifically for their ability to interact with the GBF complexes (Lu et al., 1992) . Therefore, it is the antibodies that constitute the functional probe of GBF complexes in extracts as well as the discriminating probe for screening cDNA expression libraries. The present results do not address the nature of the interaction between GF14 and the GBF-DNA complex. They only demonstrate the fact that in two separate assays involving the monoclonal antibodies, the gel retardation supershift and the coimmunoprecipitation assays, GF14 is physically associated with the DNA binding complex.
Even though the cDNA clone was derived from a cell suspension that appears to express only a single GF14 protein recognized by anti-GF14 antibodies, the results presented here may well apply to all members of the family of GF144ike proteins described in other systems. Until such time as nucleic acid and protein probes are available to discriminate among the members of the family, these and other results must be considered to represent activities of the entire family.
Structural Features and Functional lmplications of GF14
Analysis of the deduced amino acid sequence of GF14 shows that this protein is distinct from previously isolated G-box binding factors that were cloned by direct DNA binding. It contains an isoleucine-leucine repeat, implicated in protein-protein interactions (OShea et al., 1989) , but lacks a basic region, characteristic of the bZlP class of DNA binding proteins (vinson et al., 1989) . So far, at least five distinct cDNA clones encoding GBF or related factors have been isolated from different plant species, each encoding a bZIP-type of DNA binding protein (Tabata et al., 1989; Guiltinan et al., 1990; Oeda et al., 1991; Weisshaar et al., 1991; Schindler et al., 1992a) . Amino acid comparisons among these isolated GBFs show a high degree of similarity (90-95%) only in the basic domain, which is involved in DNA recognition.
The lack of this region in GF14 suggests that this protein might not be a DNA binding protein in and of itself. This is substantiated by protein expression studies, showing that the GF14 protein produced in Escherichia coli or hgtll fails to directly bind DNA (N.C. de Vetten, G. Lu, and R.J. Ferl, unpublished data) , and protein-DNA gel blot analysis, demonstrating a substantial molecular weight difference between GF14 and bona fide DNA binding proteins within the complex (Figure 4) . It remains possible, however, that GF14 is able to bind DNA only in the presence of a heterologous partner protein by means of its dimerization motif. In this regard, GF14 may be operationally similar to FOS (Chiu et al., 1988) .
Alternatively, GF14 could be recruited to the complex through protein-protein interactions with the G-box-specific DNA binding protein. Severa1 transcription factors have been described in mammals, in yeast, and recently in plants that bear an activating region and are unable to bind DNA directly. The most well studied of these include theviral protein components VP16 (Cress and Triezenberg, 1991) , E1A (reviewed in Berk, 1986) , and VP1 (McCartyet al., 1991) . The mechanism by which these proteins interact with DNA binding proteins is thus far not well defined. Because there appear to be multiple GBFs, a clear assessment of the interactions within the G-box complex awaits the cloning of the particular maize G-box binding factor that immunoprecipitates with GF14.
GF14 is not an obligate member of the G-box binding complex. GBF activity is abundant in leaves, correlating with the presence of the G-box in light-regulated genes. However, leaf-derived GBF complexes appear to lack GF14, because anti-GF14 antibodies have no effect on the electrophoretic mobility of the complex (Figure 10 ).
An interesting feature of GF14 is the amphipathic a-helical N terminus (Figure 66 ). Short acidic domains have been shown to be critical components of proteins involved in activation of transcription in yeast, mammals, and plants (Ma and Ptashne, 1987; Cress and Triezenberg, 1991; McCartyet al., 1991) . Mutational analysis of the activating region I of GAL4 (Gil1 and Ptashne, 1987) and VP16 (Cress and Triezenberg, 1991) revealed a strong correlation between the relative transcriptional activity and the acidity of the region, although net charge was not the sole determinant for activation. To determine the potentia1 function of GF14 as a tens activator, we are currently testing whether overexpression of GF14 will result in transcriptional activation of a reporter gene fused to the G-box promoter element.
The Wider Role of the GF14 in Plants?
The finding of homology between GF14 and a class of brain proteins regulating tyrosine and tryptophan hydroxylase (14-3-3 proteins) and KClP (Figure 7) suggests that GF14 may be more than a participant in G-box binding complexes. GF14, together with the 14-3-3 proteins and KClP proteins of mammalian brain tissue, would appear to be multifunctional regulators. The 14-3-3 proteins, isolated from bovine brain tissue, were initially characterized as activators of tyrosine and tryptophan hydroxylase in the presence of Ca2+/calmodulindependent protein kinase II (Ichimura et al., 1987 (Ichimura et al., , 1988 . The activation of these hydroxylases leads to the synthesis of the neurotransmitters catecholamines and serotonin. However, a subsequent study of Aitken et al. (1991) demonstrated a strong homology (-70% identical residues) of the 14-3-3 proteins to an inhibitor of Ca2+/phospholipid-dependent protein kinase C (PKC). These results raise the possibility that the activity of PKC and other kinase-dependent functions, such as DNA binding and hydroxylase activation, are regulated by members of the GF14114-3-3 protein family. lmmunoassays using specific antiserum demonstrated the presence of 14-3-3 proteins in various vertebrate species (Ichimura et al., 1991) . This observation is paralleled with the presence of GF14 protein in a wide variety of.plant species and yeast ( Figure 11 ) and indicares further evolutionary conservation of this protein family. The distribution of 1433 protein in various bovine tissues was found to be closely related to the known distribution of PKC and Ca2+-dependent protein kinase II, i.e., high levels in brain tissue and low levels in most other tissues (Ichimura et al., 1991) . The presence of a.plant protein with PKC activity has not yet been described, although PKC homologs with limited conservation to their mammalian counterparts have been isolated (Lawton et al., 1989) . Therefore, the potential roles of GF14 relative to phosphorylation and signal transduction in plants remain to be elucidated. The great similarity between GF14 and 14-3-3/KCIP, however, indicates strong conservation of the structure and highlights the likely central importance of these proteins in both plants and mammals. All evidence gathered thus far suggests an important function in the regulation of kinase-mediated signal transduction pathways.
We have demonstrated here the cloning of a maize protein associated with the GBF complexes using a monoclonal antibody strategy. The cloned factor GF14 has some characteristics of a transcriptional activator. However, its homology with a class of proteins able to modulate kinase-dependent activities suggests a regulatory role for GF14 in the DNA binding complex.
METHODS ' lsolation of GF14 Recomblnant Phage
A random-primed cDNA library (Clontech, F' al o Alto, CA) was constructed in Xgtll vectors using poly(A)RNA prepared from maize cell suspension culture (Zea mays line P3377). The amplified library was screened with anti-GF14 monoclonal cell supernatant (Lu et al., 1992) essentially according to Sambrook et al. (1989) . Approximately 400,000 recombinant phage were grown on Escherichia coliY1090 at a density of 50,000 per 150-mm-diameter Petri plate, and the expressed fusion proteins were immobilized onto isopropyl P-o-thiogalactopyranosideimpregnated nitrocellulose filters. The filters were washed with TBST (10 mM Tris-HCI, pH 8.0, 150 mM NaCI, 0.050/0 Tween 20) and blocked overnight with 10% nonfat dry milk suspended in TBST. After incubation with the primary antibody cell supernatant, filters were washed and incubated with 1:8000 alkaline phosphatase-conjugated antimouse IgG for 1 hr. Filters were washed, and this was followed by BClPlNBT color development according to the procedure supplied by GIBCO-Bethesda Research Laboratories. Positive phage were plaque purified to homogeneity.
Sequence Analysis cDNA inserts of the h clones were subcloned into pUCl8. Both strands of the cDNA clone were sequenced from plasmid DNA by automated dideoxy chain termination on an ABI 373 (Applied Biosystems, Foster City, CA) according to the manufacturer's protocols.
Nucleotide and amino acid sequence analysis was performed using either the MacMolly or SeqEd program (Applied Biosystems). The data base search was done using the FASTA program (Pearson and Lipman, 1988) . Amino acid alignments were obtained using GeneWorks (IntelIiGenetics, Mountain View, CA).
Gel Retardation Assays
Gel retardation assays were performed according to McKendree et al. (1990) . The standard assay mixture consisted of fast protein liquid chromatography, Mono Q-fractionated whole-cell protein extract (Mono Q column; Pharmacia) McKendree et al., 1990) , 2 pg tRNA, competitor DNA at the concentration indicated in the legend of Figure 2 , and 2 pL of monoclonal antibody cell supernatant. After incubation for 1 hr at 4OC, 0. 5 ng of end-labeled alcohol dehydrogenase (adh) G-box oligonucleotide was added, and the samples were further incubated for 10 min at 4OC before electrophoresis. lmmunoprecipitation Fractionated maize GBF complexes (60 pL) were incubated with 1 pL of anti-GF14 monoclonal antibody ascites for 2 hr on ice. After incubation for 30 min with 15 pL (10% wet wM) Sfaphylococcus aureus crude cell suspension (protein A), the antigen-antibody-protein A complex was centrifuged for 5 min. The pellet was washed with phosphatebuffered saline and centrifuged; the precipitates were analyzed by prctein and DNA-protein blotting.
Genomic DNA and RNA Gel Blot Analyses Total RNA from maize suspension cells was prepared according to McCarty (1986) , separated on formaldehyde-agarose gels, and capillary blotted onto GeneScreen (Du Pont-New England Nuclear). The filters were hybridized to a random prime-labeled pGF14-12 (1.1 kb) and washed as described by .
High molecular weight DNA was prepared from cells and recovered from a CsCI2 gradient (Paul and Ferl, 1991) . DNA (10 pg) was restricted, subjected to electrophoresis on 0.8% agarose gels, and transferred to a GeneScreen membrane.
Protein Gel Blot Analysis
Plant tissue (2 to 5 g) was homogenized in 2 x SDS-PAGE loading buffer (0.25 M Tris-HCI, pH 6.8, 4% SDS, 0.7 M P-mercaptoethanol, 20% glycerol), after which samples were boiled for 5 min and insoluble debris were removed by centrifugation at 11,OOOg. Proteins of an aliquot of the supernatant were precipitated with five volumes of acetone (-20%) and resuspended in 100 mM NaOH. Protein concentration of these aliquots was determined by the method of Bradford (1976) , using BSA as a standard. Fifty micrograms of protein was separated on a 15% SDS-polyacrylamide gel, and proteins were transferred to nitrocellulose filters (Schleicher & Schuell), according to Towbin et ai. (1979) . Filters were blocked overnight in 10% nonfat dry milk, incubated for 1 hr in anti-GF14 monoclonal antibody cell supernatant, washed, and incubated for an additional 1 hr with 1:2000 dilution of sheep anti-mouse horseradish peroxidase-conjugated IgG (Amersham Corp.). lmmunodetection was performed with an ECL Western Blotting Detection reagent (Amersham Corp.). Autoradiograms were scanned in a computing densitometer (Molecular Dynamics, Mountain View, CA).
DNA-Protein Gel Blot Analyses
Fractionated maize GBF extract (60 BL) or immunoprecipitated extract was separated on a 15% SDS-polyacrylamide gel and transferred to a nitrocellulose filter as described above. DNA-protein gel blot analyses were conducted essentially as described by Miskimins et al. (1985) . The filters were blocked in a solution containing 10% (w/v) nonfat dry milk in 10 mM Hepes, pH 8.0, overnight at 4OC. The filters were subsequently incubated for 2 hr at room temperature in binding buffer (10 mM Hepes, pH 8.0,50 mM NaCI, 10 mM MgCI2, 0.1 mM EDTA, 1 mM dithiothreitol, 0.25% nonfat dry milk), containing 106 cpm of ligated 32P-labeled G-box oligonucleotide per mL. The filters were washed in three changes of binding buffer containing 100 mM NaCl over a period of 1 hr and then exposed to x-ray film.
lsolatlon of Nuclei
Nuclei from maize cell suspension were prepared by the method of Luthe and Quatrano (1980) . The nuclear suspension was more extensively purified by centrifugation in a discontinuous 30°/o/60% Percoll/85% sucrose gradient, as described by Green et al. (1987) . The cytosolic fraction was obtained by centrifuging the postnuclei extfact for 1 hr at 150,OOOg. Proteins from the nuclear and cytosolic fractions were prepared for SDS-PAGE, and protein gel blot analyses were conducted as described previously.
